Neonatally castrated (MNC) and control male rats (MC) and female rats treated neonatally with estradiol benzoate (FNE) and female controls (FC) were studied. In Exp. 1 spatial memory was assessed using a 12-arm radial maze. During acquisition, MC and FNE groups were more accurate in choice behavior than FC and MNC groups. In Exp. 2 the discriminative control exerted by different types of cues was evaluated. Alteration of the geometry of the room but not movable landmarks disrupted performance of MC and FNE groups. For the FC and MNC groups, alteration of either geometry or landmarks did not disrupt performance. In Exp. 3 the effect of a 15-min delay was determined. MC and FNE groups were more disrupted by a delay than MNC and FC groups. Together, these data suggest that early exposure to gonadal steroids (probably estradiol) improves acquisition of spatial tasks by reorganizing and simplifying associational-perceptual processes that guide spatial ability.
that there is a critical period early in life when exposure of steroid receptors in the hypothalamus to the appropriate sex hormones irreversibly alters the neural organization of the hypothalamus, thereby affecting subsequent gonadotropin secretion and sexual behavior. Testosterone, which is secreted in high concentrations by the gonads of infant males, appears to blueprint the hypothalamus in a male pattern. Females exposed to testosterone during the critical period show little female sexual behavior as adults, and instead show malelike patterns of gonadotropin secretion and sexual responding. For the rat, the conversion of testosterone to estrogen through aromatization in the hypothalamus appears to be responsible for the differentiation of sexual behavior (for review see McEwen, 1983) .
Receptors for steroid hormones are also present during early development in the hippocampus and the cerebral cortex (Clark, MacLusky, & Goldman-Rakic, 1988; Gerlach, McEwen, Toran-Allerand, & Friedman, 1983; MacLusky, Chaptal, & McEwen, 1979; MacLusky, Lieberberg, & McEwen, 1979) , two brain areas known to be involved in working and reference memory, respectively (Kesner, DiMattia, & Crutcher, 1987; Meck, Church, Wenk, & Olton, 1987; Meck, Smith, & Williams, 1989; Olton, Wenk, Church, & Meck, 1988) . Telencephalic estrogen receptors appear just before birth, peak from postnatal days 4-7, and decline thereafter (O'Keefe & Handa, 1989) . Recent evidence indicates that estrogen-mediated developmental effects of aromatizable androgens are not restricted to the hypothalamus, preoptic area, and amygdala but also include the hippocampus and cingulate cortex (MacLusky, Clark, & Torand-Allerand, 1986; MacLusky & Toran-AUerand, 1989) . These data suggest that maturation and sexual differentiation of telencephalic structures may also be regulated by early exposure to gonadal steroids.
Although most research on sex differences in spatial mem-ory has used normal adult males and females as subjects, a few animal studies have manipulated early hormonal exposure. Several reports have shown that administration of testosterone to neonatal female rats improved their performance in a maze task, whereas neonatal castration decreases choice accuracy of males to varying degrees (Dawson et al., 1975; Joseph et al., 1978; Stewart et al., 1975 ). There appears to be no data on the maze behavior of neonatal females treated with estrogen, however. Therefore, although organizational effects of gonadal hormones appear to play a role in the development of sex differences in maze performance, we do not know whether testosterone or estrogen is the active form of the hormone, and we know little about the critical period for hormonal action. Although quantitative sex differences in maze performance have been documented, the behavioral processes underlying these differences have not been explored. In fact, it has been suggested that the reported differences in maze performance may be secondary to differences in activity, exploration, and emotionality (Beatty, 1979 (Beatty, , 1984 . Stewart et al. (1975) , for example, showed that maze performance is inversely related to ambulatory behavior in open-field situations. And, because of the early discovery of estrus-linked changes in activity, there has been a long-standing tradition in animal psychology to conduct learning experiments on male subjects. These assumptions have led to the idea that females make more errors in maze procedures because they are more active and explore more than males, rather than because they are less able to process spatial information. To our knowledge, there has been no research done to determine whether there are qualitative sex differences in the behavioral processes used in the acquisition of a spatial task.
This study was designed to examine whether early organizational effects of gonadal steroids alter the strategy or type of memory processing that rats use to solve a spatial task. To this end, two groups of male rats and two groups of female rats were studied. One group of males was castrated within 24 hr of birth, whereas the other served as a surgical control. One group of females was treated with estradiol benzoate (EB) for the first 10 days postnatally, whereas the other group served as a control. To eliminate the confounding activational effects of adult gonadal secretions, all subjects were gonadectomized at puberty. In Experiment 1, the effect of early hormonal manipulations on the acquisition of a radialarm maze task was documented. Experiment 2 examined whether early hormonal experience determines associational or perceptual biases in cue selection that influence maze performance. Experiment 3 examined the effects of interpolating a 15-min delay interval at various times during a trial to determine whether early hormonal manipulations have differential effects on the encoding and maintenance of information contained in spatial working memory.
Experiment 1: Acquisition of Radial-Arm Maze Performance as a Function of Early Hormonal Manipulation
The radial-arm maze procedure (Olton & Samuelson, 1976 ) may be less susceptible to the interfering effects of sex differences in activity and exploration (Beatty, 1979 (Beatty, , 1984 . The radial-arm maze consists of an elevated central platform that has a number of arms (e.g., 12) radiating from it at equal angles. Because the arms are relatively long, the chances that individual differences in activity will be mistakenly reflected in error scores is reduced, especially if a choice is recorded only when the rat goes more than half of the way to the end of the arm where the food cup is located. In the conventional testing procedure, each arm is baited with food at the outset of the daily test session, and the rat is tested until it visits every arm and finds all of the food. Because food is never replenished during the run, optimal performance entails visiting each arm only once. In the 8-arm version of the task, rats quickly acquire nearly perfect accuracy. In most experiments, rats do not enter the arms in any particular order even after months of training. Furthermore, performance is equally accurate if the animals are forced to make their first four choices in a randomly determined order (Beatty & Shavalia, 1980) . Hence, it is reasonable to describe the task as a test of working (i.e., short-term) memory for spatial information (see Olton, 1982) .
Using an 8-arm version of the radial maze, a number of investigators have failed to observe consistent sex differences in performance, although in some experiments, the females performed somewhat more poorly than males (Beatty, 1984; van Haaren, Wouters, & van de Poll, 1987) . These findings support the view expressed earlier that differences in locomotor activity may indeed have been responsible for the observation of significant sex differences in other maze procedures. In contrast, Einon (1980) observed a slight but significant difference in favor of the males. This sex difference occurred only if the animals were raised with conspecifics in an enriched environment from weaning until time of testing. Using a 17-arm maze, Tees, Midgley, and Nesbit (1981) also found that males performed more accurately than females, a difference that was larger in magnitude among dark-reared animals than in controls reared individually in standard laboratory cages. However, in two separate studies using a 17-arm maze, Juraska, Henderson, and Muller (1984) failed to find any reliable evidence of sex differences in rats that were raised in enriched or restricted environments. However, rats reared in an enriched environment were more likely than isolated rats to use an adjacent-arm strategy that may have contributed to their superior performance. In summary, using the standard testing procedure and testing only normal adult subjects, researchers have found that sex differences in the radial maze performance are small in magnitude and not readily reproduced. This is equally true of 8-and 17-arm versions of the task. Because rats usually do not attain errorless performance in the larger maze, the failure to find consistent sex differences cannot be simply the result of a ceiling effect.
Recently, a number of investigators have modified the basic testing procedure in order to obtain information about possible sex differences in reference (i.e., long-term) as well as working memory for rats and mice (Beatty, 1984; Mishima, Higashitani, Teraoka, & Yoshioka, 1986) . For each subject, only a subset (e.g., four or six of the eight arms were baited with food so that the baited and unbaited arms re-mained the same from day to day. Entries into these unbaited arms were considered reference memory errors. Working memory errors were defined as before (i.e., reentries into arms that had already been visited on that test day). Male rats and mice both made reliably fewer errors of both types than their female counterparts. Surprisingly, the sex difference for rats on working memory errors was of much greater magnitude than for reference memory errors. The findings with mice are also of particular interest, because it was shown that locomotor activity of male and female mice was not significantly different in the eight-arm radial maze and in an open field test of exploration. Consequently, the possibility that the sex difference in learning to choose correct arms was caused by sex differences in exploratory or locomotor activity in the training apparatus can be excluded.
As yet, no work has been done using this version of the radial maze task to determine the possible influences of early hormonal manipulations. The magnitude of the observed sex differences in radial-arm maze performance when both working and reference memory components of the task are used suggests that this test protocol may provide a useful behavioral endpoint for such studies. The following experiment studied the acquisition of radial-arm maze performance with a mixed paradigm of baited (S+) and unbaited (S-) arms in neonatally castrated male rats, control male rats, neonatally estrogen-exposed female rats, and control female rats.
Method Subjects
The subjects were albino rats (Sprague-Dawley CD strain) from seven litters born in our breeding colony. Within 24 hr of birth subjects were assigned to treatment conditions: (a) male neonatal castrate (MNC), (b) male control (MC, sham operated neonataUy), (c) female estrogen (FNE, injected with EB in oil vehicle on Days 1, 3, 5, 7, and 9 after birth), and (d) female control (FC, injected with oil vehicle on Days 1, 3, 5, 7, and 9 after birth).
Males were anesthetized between 12 hr and 24 hr after birth by cooling in ice for approximately 3-5 min. Ten males were castrated and 11 males were sham operated. Wounds were sealed with collodion. Pups were warmed to room temperature and returned to the dam. Thirteen females were injected subcutaneously at the nape of the neck with 10-ug EB suspended in 0.05-ml sesame oil, and 16 females were injected with the oil vehicle alone. Injection sites were sealed with collodion, and pups were returned to the dam. The survival rate after surgery was approximately 80% for castrated males and 100% for sham-operated males. All females survived the injection regimen.
At approximately 25 days of age, all subjects were weaned. Genetic males and females were housed separately, 4-5 rats per cage. At about 45 days of age, all (except the neonatal castrates) were gonadectomized. The 10 males that already were castrated at birth received sham surgery. All subjects were anesthetized with sodium pentobarbital. After surgery all incisions were sutured closed. Those animals that responded well to surgery served as the subject pool for the remainder of the experiment: MNC group = 8 males, MC group = 11 males, FNE group = 9 females, and FC group = 12 females.
Apparatus
The apparatus was a radial-arm maze with 12 arms extending away from a central platform at equal angles. A stand placed under the central platform raised the maze 80 cm above the floor of the room and allowed rotation of the maze. Each arm of the maze was 83 cm long and 7.6 cm wide, with an edge 1.2 cm high along each side. At the far end of each arm, a hole, 2.5 cm in diameter and 0.06 cm deep, served as a food cup. The central platform was 36.5 cm in diameter and the entire maze was painted flat gray. Rats could travel between different arms of the maze only by returning to the central platform. The maze was placed in a test room that measured approximately 4.6 x 5.0 m with an additional corner alcove of approximately 1.5 x 2.3 m for the experimenter and computer used to record the data. The test room contained a variety of extramaze stimuli that remained in a relatively constant position for most of the experiment but could be moved as required.
Procedure
Shaping. Beginning at 70 days of age, all rats were placed on a food deprivation schedule designed to maintain them at approximately 85% of their free-feeding body weight. At about 75 days of age, all rats were trained to run out the arms of the maze to obtain food by baiting the food cup at the end of each arm with ten to fifteen 45-mg Noyes food pellets. A number of rats (n = 5-7) were then placed on the maze together after a period of 24-hr food deprivation and allowed to explore the maze for 15 min. This training was conducted for at least 2 days, after which all rats failing to obtain food were forced to the ends of the arms and allowed to eat. When each rat ran readily to the ends of the arms and ate the food pellets, training began. All rats were fed shortly after each day's test session.
Radial-arm maze training (Sessions 1-18).
To investigate the developmental effects of neonatal sex hormones on spatial memory, a mixed-pattern paradigm of baited (S+) and unbaited (S-) arms was used to distinguish between working and reference memory components of the radial-arm maze task (e.g., Olton, Becker, & Handelmann, 1979) . One session was given each day, approximately 7 days a week. At the beginning of each session, two pellets of food were placed in the food cup at the ends of 8 of the 12 arms. Twelve different patterns of S+ and S-arms were randomly selected, and the rats in each of the four experimental groups were each randomly assigned to one of these patterns with no identical patterns used within a group. Once assigned, each rat's pattern of baited and unbaited arms was maintained throughout the experiment.
At the beginning of each session, the rat was placed on the central platform and allowed to choose arms in the maze until all eight pieces of food were obtained. All rats typically completed the maze by finding all eight pieces of food within 5-10 min. The order of arms chosen was recorded, and a response was defined as a rat advancing more than half of the way down an arm. Rats from each of the four treatment groups were randomly assigned to a particular chronological test order (1-40) that was kept constant across training.
Rotation test (Session 19).
During the maze rotation test, the rat was placed on the maze and allowed to make 4 choices as described above. After the 4th choice the rat was briefly removed from the maze. While the rat was being held in one hand, the experimenter rotated the maze 180 ° , and the rat was placed back on the central platform of the maze and allowed to make I 1 additional choices for a total of 15 choices. Thus, maze rotation put intramaze and extramaze cues in conflict with each other. To determine which cues the rats used to guide their behavior, we estimated the number of errors made by each rat in two ways. First, working memory and reference memory errors were calculated based on the assumption that the rats used only intramaze cues to guide their behavior during the entire test; and second, errors were calculated based on the assumption that the rats used only extramaze cues to guide their behavior during the entire test. The strategy that was the most successful in locating the food was the one presumed used by the rats. 
Results and Discussion

Accuracy
Two measures of maze performance were analyzed: (a) the number of choices required to obtain all food items and (b) the number of arms chosen before the first working memory error. The minimum score for the first measure would be 8 choices, and the maximum score for the second measure would be 12 choices.
Radial-Arm Maze Training (Sessions 1-18)
The median number of choices required to obtain the food pellets in each of the eight S+ arms for each of the four experimental groups is plotted as a function of blocks of three sessions in Figure 1 . The general pattern seen in the number of choices to criterion was a separation by early hormonal treatment as a function of neonatal exposure and an improvement over blocks of Sessions 1-9 at approximately equal rates for all groups. In addition, all groups reached about the same level of steady-state performance within Sessions 10-18. The MC and FNE groups showed the most accurate performance, whereas the FC and MNC groups showed the least accurate performance.
An A × (B × S) analysis of variance (aNova) with treatment condition as one variable and subjects nested with the first three blocks of three sessions (Sessions 1-9) as the other variable indicated significant effects of both treatment and sessions, F(3, 36) = 9.94, p < .001, and F(2, 72) = 41.41, p < .00 l, respectively. Tukey post hoc contrasts revealed that both the MNC and FC groups differed reliably from both the MC and FNE groups, ps < .05, and that there were no reliable differences between these two group pairs. The same analysis with treatment condition as one variable and subjects nested with the last three blocks of three sessions (Sessions 10-18) as the other variable indicated no reliable differences in either treatment or session effects, F(3, 36) < 1 and F(2, 72) < l, ns.
For additional analysis, the overall performances of rats were broken down into working memory and reference memory components as illustrated in Figures 2 and 3 , respectively. A two-way ANOVA again indicated, for the first three blocks of sessions (Sessions 1-9), a significant effect of both treatment and sessions for both types of memory: for working memory, F(3, 36) = 4.94, p < .01, and F(2, 72) = 30.69, p < .001, as a function of treatment condition and blocks of sessions, respectively; for reference memory, F(3, 36) = 5.99, p < .01, and F(2, 72) = 22.72, p < .001, as a function of treatment condition and sessions, respectively. A two-way ANOVA for the last three blocks of sessions (Sessions 10-18) again showed no reliable differences in either treatment conditions or session effects, F(3, 36) < l and F(2, 72) < l, ns.
An analysis also was conducted to determine the relation between treatment condition and working memory capacity. The capacity of working memory was measured by determining the number of arms chosen before the first working memory error occurred. The mean number of choices made before the first working memory error was calculated as a function of treatment conditions for the first three blocks of training sessions (Sessions 1-9). The FNE group made 8.4
_+ 0.3 (M + SD) choices before a working memory error was made, the MC group made 7.8 +__ 0.2 choices, the FC group made 7.5 + 0.2 choices, and the MNC group made 6.9 _+ 0.4 choices before committing their first working memory error. A two-way ANOVA revealed a significant treatment effect, F(3, 36) = 3.19, p < .05. Tukey post hoc contrasts showed that the FNE group was reliably different from the FC and MNC groups (p < .05 for all comparisons). All other comparisons were nonsignificant at the p > . 1 level.
Position of Chosen Arms
An analysis of the sequences of choices made during the first nine sessions was conducted. Each choice made on a test trial was scored as 0, 1, 2, 3, 4, 5, or 6; 0 corresponded to reentrance into the arm just exited, and 1, 2, 3, 4, 5, and 6 corresponded to entrances into arms that were one, two, three, four, five, or six units removed from the arm just exited. Because no differences were observed in the turning probabilities as a function of the left (-) or right (+) direction of each of the relative arm positions, these data were combined as shown for each of the four experimental groups in Figure 4 . As the figure illustrates, rats in each of the groups generally turned more frequently into arms one or two units from the arm just departed. These findings are in general agreement with other data on turning tendencies in rats and pigeons (Dale, 1982; Meck, Smith, & Williams 1988 Roberts & Dale, 1981; Roberts & van Veldhuizen, 1985) . The major finding of Experiment 1 is that rats with "maletype" brains (FNE and MC groups) showed significantly stronger response preferences than rats with "female-type" brains (FC and MNC groups),ps < .05. Response preferences were inferred from the deviations of the individual choice function from a horizontal line passing through the median of relative Arm Positions 1-6.
The fact that the frequencies of arm entrances were not evenly distributed over turn magnitudes suggests that simple calculations of expected chance performance are not entirely appropriate for comparison with the observed empirical performance of the rats; that is, a rat could score much higher than chance by entering adjacent arms in succession. However, such behavior would require only a response algorithm and no memory for previously entered arms. To deal with this potential problem, we performed Monte Carlo runs, in which sampling from the pool of responses was biased according to the rat's turning preferences but was independent of any working or reference memory information (see Eckerman, 1980) . Thus, ifa rat entered the + 1 arm 50% of the time, then half of the responses in the response pool were + 1. For each of our rats, we performed 500 similar cam-puterized Monte Carlo simulations. The mean observed and expected levels of accuracy generated by this procedure for the first 9 days of radial-arm maze training as a function of the experimental treatments are shown in Table 1 . There were no reliable differences in the expected levels of accuracy among the groups, F(3, 36) < 1, ns, whereas the observed levels of accuracy have been shown to vary systematically as a function of treatment.
Rotation Test (Session 19)
Rats were considered to have reached steady-state levels of performance when they showed no further improvement in performance for at least six sessions. Based on this criteflon, all subjects in each of the four treatment groups reached a steady-state level of maze performance prior to the maze rotation test. Rats in the MNC group made 7.3 _+ 0.3 errors based on an intramaze cue strategy and 5.2 + 0.3 errors based on an extramaze cue strategy; rats in the MC group made 7.5 + 0.2 errors based on a intramaze cue strategy and 4.8 + 0.2 errors based on an extramaze cue strategy; rats in the FNE group made 7.3 + 0.4 errors based on an intramaze cue strategy and 5.0 _ 0.2 errors based on an extramaze cue strategy; and rats in the FC group made 7.4 + 0.2 errors based on an intramaze cue strategy and 4.9 + 0.3 errors based on an extramaze cue strategy, a significant difference in favor of the extramaze cue strategy across all groups, F(1, 36) = 322.2, p < .001, with no significant interactions.
During acquisition of the radial maze task there was a clear selaaration of choice behavior by early hormonal treatments. Rats exposed to gonadal steroids neonatally (MC and FNE groups) showed faster acquisition and increased working memory capacity relative to rats not exposed to early gonadal secretions (FC and MNC groups). These group differences disappeared after approximately nine training sessions, which is why the data were analyzed in two blocks of nine sessions each. These differences in acquisition were not caused by the observed differential positional biases or differential use of intra-versus extramaze cues. These data suggest that both working and reference memory are facilitated in males exposed to early gonadal secretions and to females exposed postnatally to estrogen during the first 10 days after birth. Despite this preliminary evidence for a straightforward enhancement in spatial memory ability as a function of early hormonal exposure, sex differences in the acquisition of spatial tasks may be due primarily to differences in cue-encoding strategies. This may involve the differential weighting ofextramaze cues as a function of brain sex that may give different advantages to each sex under different environmental conditions. This possibility was investigated in Experiment 2. Gallistel and colleagues (Cheng, 1986; Cheng & Gallistel, 1984; Margules & Gallistel, 1988) showed that rats have an internal spatial representation or "map" that is a recreation of the euclidean properties of the shape of the test environment; that is, those properties relating to distance and angle. If normal male rats are given maze training under conditions in which extramaze cues such as geometry (shape of the room) and landmarks (movable objects in the room) can both be altered, they do not simply follow the landmarks to the food source; instead, they appear to rely on some aspect of the euclidean properties of the test room. There are three possible sources for disturbances in performance seen after systematic alteration in the euclidean properties of the test room: (a) an alteration in the metric relations among landmarks, (b) an alteration in the metric relations of each landmark's location within the spatial framework (e.g., the long wall was on the right, but is now on the left), and (c) an alteration in the metric properties of each food cache's location (i.e., its latitude and longitude). Various experimental manipulations of the test environment have indicated that normal male rats largely ignore landmarks and determine their behavior largely by remembering the metric properties of each food cache's location. Several studies have examined what extramaze cues are used to solve a radial arm maze task. In support of Gallistel's observations, Foreman (1985) found that unsystematic rearrangement of salient landmarks fails to disrupt steady-state maze performance of normal male rats. In contrast, Suzuki, Augerinos, and Black (1980) found that rearrangement of environmental cues (e.g., landmarks) produced a fall in choice accuracy for normal male rats. However, these rats were tested in a curtained enclosure that was cylindrical in shape. Thus, the rats could not determine correct alignments by angles and distances obtained from the shape of the enclosure. Furthermore, these investigators used eight cues, each of which unambiguously "labeled" a maze arm. Based on these data, it appears that when a spatial coordinate system can be applied, normal male rats make almost exclusive use of the euclidean properties of the shape of the environment when locating food items, even though other extramaze cues (e.g., landmarks) are also available. If the geometry of the room is unusable as a referent, as in a cylindrical arena, the rat is capable of relying on featural aspects of landmarks.
In Experiment 2 we investigated the possibility that early exposure to gonadal hormones determines associational or perceptual biases that influence radial maze performance. As already described, previous work suggests that, for males, landmark cues are overshadowed by the shape of the test environment. Thus, it is possible that neonatal exposure to gonadal steroids causes a perceptual bias such that animals selectively attend to only a single cue. In contrast, rats not exposed neonatally to gonadal hormones may in fact acquire the task more slowly because they attend to both geometry and landmark cues when they are presented in compound.
In support of the hypothesis that multiple cue use interferes with performance, Diez-Chamizo, Sterio, and Mackintosh (1985) found that for normal male rats, extramaze cues overshadow intramaze cues when presented in compound. This occurred despite the fact that when trained with only one type of cue available, animals learned the intramaze discrimination significantly faster than the extramaze discrimination. Furthermore, normal male rats acquired the spatial tasks slower when it was necessary for them to use the two cues in conjunction with each other than when it was possible for them to selectively attend to one cue in the compound.
Method Subjects
The subjects and apparatus were the same as those used in Experiment 1.
Apparatus
The apparatus was identical to that used in Experiment 1, except that in this experiment sheets of black cloth were suspended from the ceiling in various configurations.
Procedure
Radial-arm maze retraining (Sessions 1-5). Rats were retrained
for five sessions in a manner identical to the procedures used in Experiment 1. During the last three retraining sessions, the time taken to make the first eight choices of each trial was recorded for each rat.
Geometry versus landmark test (Sessions 6-11).
After the rats reached steady-state levels of performance, the discriminative control exerted by different types of extramaze cues was evaluated. The geometric properties of the test environment were either (a) mainrained as in original training or (b) modified by enclosing the maze within a circular arena. At the same time, the arrangement of specific objects (landmarks) within the test environment was (a) maintained as in original training, (b) modified by radical (unsystematic) rearrangement of landmarks, or (c) modified by completely removing the most salient landmarks. These conditions were evaluated by the use of a 2 x 3 factorial design in which geometry and landmarks were either altered or unaltered as described previously. Each rat was tested once under each of the six conditions in a randomized order. Geometry was modified by hanging sheets of opaque black fabric (I. 5 x 2.0 m) from the ceiling in a manner that either enclosed the maze in a circle (4.6 m diameter) or followed the rectangular contours of the room. Landmarks were modified by leaving the relation among salient objects (e.g., table, chair, experimenter, transport cart with rat cages, plate glass panel, etc.) intact, by randomizing the relations among these objects, or by completely removing and/ or covering these objects. Withi12 the restrictions just described, the shape of the room and the landmarks contained within it could be independently manipulated.
Results and Discussion
Radial-Arm Maze Retraining (Sessions 1-5)
There were no observed group differences in choice behavior during these retraining sessions.
Choice Latency
The time taken to make the first eight choices of each trial did not differ significantly for any of the groups during the last three retraining sessions. For rats in the MNC group, this latency measure was 87.2 _+ 6.7 s. Latency measures were 95.5 +_ 7.4 s for rats in the MC group, 90.6 +_ 5.6 s for rats in the FNE group, and 93.8 _+ 6.3 s for rats in the FC group. Choice latency measures have previously been used to index differences in the motivational levels of subjects (see Meck et al., 1988 Meck et al., , 1989 . Presumably the motivational levels of the animals in each of our four treatment groups were fairly similar. All animals were devoid of circulating gonadal hormones, and each rat was maintained at the same percentage of body weight. The similarity of the choice latency measures supports our assumption that all animals were at comparable motivational levels.
Geometry Versus Landmark Test (Sessions 6-11)
During the test sessions designed to evaluate the use of different types of extramaze cues, a separation by geometry versus landmark cue usage was observed as a function of early hormonal treatment. The mean number of choices required to visit all eight baited arms for each of the four treatment groups is shown in Table 2 as a function of the properties of the test environment. An A x (B x S) ANOVA with geometry and landmark manipulations as repeated variables was performed separately for each treatment group. For the MC group the influence exerted by alterations in geometry was found to be significant, whereas the effect of altering landmarks was nonsignificant, F(1, 10) = 22.04, p < .001, and F(2, 20) = 0.28, p >. 10, respectively. The FNE group behaved in a similar fashion. Their use of geometry as a cue was found to be significant, whereas the use of landmark cues was nonsignificant, F(1, 8) = 18.61, p < .01, and F(2, 16) = 0.12, p >. 10, respectively. For the FC group the use of geometry and landmark cues were both found to be significant, F(1, 11) = 16.44, p < .01, and F(2, 22) = 22.72, p < .001, respectively. The MNC group behaved in a similar fashion. Their use of geometry and landmark cues were both found to be significant, F(1, 7) = 9.94, p < .025, and F(2, 14) = 16.35, p < .001, respectively. The Geometry x Landmark interaction was unreliable for both the MC and the FNE groups, F(2, 20) ---0.10, p > . 10, and F(2, 16) = 0.15, p > .10, respectively. In contrast, the Geometry x Landmark interaction was highly significant for both the FC and the MNC groups, F(2, 22) = 9.08, p < .01, and F(2, 14) = 11.67, p < .01, respectively.
The general finding of Experiment 2 is that rats exposed to neonatal hormones solve spatial problems by selecting a single aspect of the environment that is easily, perhaps preattentively, detected. This aspect appears to be a coordinate system defined by the shape of the environment. In contrast, rats exposed neonatally to no or low levels of gonadal steroids use two or more features from different dimensions (e.g., landmarks and geometry) in order to locate a target. This suggests that the group differences in the acquisition of the radial maze task might be due to differences in the number of cues that animals learn about in order to locate food caches. The greater the number of cues used to locate a food cache, the greater the time required to learn the appropriate associations. This suggests that group differences might be eliminated or reduced if the cues present during acquisition are restricted to a particular type of cue, as in the case reported by Suzuki et al., 1980 . Two assumptions are frequently made in behavioral research involving the analysis of working memory in radialarm maze tasks. The first assumption is that there is a correspondence between the number of arms visited and the amount of information stored in memory. Second, it is assumed that the disruptive effect of a retention interval is greater when memory contains more information than when it contains less information. Previous studies have found that, in normal male rats, a 15-rain delay interpolated during a trial after some specified number of choices impairs choice accuracy in a 12-arm radial maze task. Furthermore, the effect of the delay on rats' ability to avoid arms chosen prior to the delay varies systematically with the point-of-delay interpolation (Cook, Brown, & Riley, 1985) .
In Experiment 3 we investigated the effect of a 15-min delay on maze performance. Rats were allowed to choose from among the 12 arms of the maze until they made either two, four, six, or eight choices. They were then removed from the maze and placed in a holding cage for the 15-rain delay interval, after which they were returned to the maze and allowed to complete the trial. The subjects' ability to avoid the arms chosen prior to the delay relative to their ability to do so during trials in which no delay occurred as a function of early hormonal treatment was of primary interest. The comparison between control trials and delay trials for each treatment group was the measure of the effect of the delay on the information contained in working memory. If neonatal hormone exposure leads to a general improvement in spatial memory, as suggested by the findings of Experiment 1, then one might expect to find that the FC and MNC groups are more impaired by the delay as a function of its point of interpolation than the FNE and MC groups. On the other hand, if the differences in acquisition observed in Experiment 1 are due to differential cue use and not memory capacity per se, one might find that all groups are equally affected by the delay as a function of its point of interpolation relative to the control condition.
Method Subjects
Six rats were randomly selected from each of the four treatment groups used in Experiments 1 and 2.
Apparatus
The apparatus was identical to that used in Experiment 1, except that in this experiment the rats were held in clear polycarbonate cages identical to their home cages during a 15-rain interpolated delay. These holding cages were located along a wall diagonally opposite from the position of the transport cart that held the rats' home cages.
Procedure
Radial-arm maze retraining (Sessions 1-5). Rats were retrained
for five sessions in a manner identical to the procedures used in Experiment 1.
Point of interpolated delay test (Sessions 6-21). These sessions
were conducted in the same manner as in retraining, with the following exceptions. The placement of S+ and S-arms, and all external cues, were kept the same as in training sessions, although the five holding cages added to the range of extramaze cues (see Apparatus subsection). A 15-min delay interval was interpolated during test trials. It occurred following the second, fourth, sixth, or eighth choice of the trial. This factor will subsequently be referred to as the point of interpolation (POI) . A control trial with no interpolated delay was also included. The criterion for completing a trial was the selection of all eight S+ arms. The order in which conditions occurred was random, and rats were given three tests at each of the four POIs (two, four, six, and eight) and four repetitions of the control condition.
During each test session, all 24 rats were tested individually for the same placement of the POI. At the start of each session the appropriate S+ arms were baited for each subject. Each rat was allowed to make the assigned number of choices for that day's test and was then quickly removed from the maze and placed in a holding cage. After 15 rain had elapsed, the rat was returned to the maze and allowed to finish the trial. Only the S+ arms not previously visited were baited at this time. During a subject's delay, other rats ran the maze. In the control condition, no delay occurred. The subject was allowed to run the maze until all eight S+ arms had been visited.
Results and Discussion
Radial-Arm Maze Retraining (Sessions 1-5)
POI Test (Sessions 6-21)
The median number of choices to criterion for all four experimental groups is plotted as a function of the POI in Figure 5 . The general pattern seen in the number of choices to criterion is a separation by early hormonal manipulation and increases in the number of choices required to reach criterion as the POI occurred later in a trial. In other words, the interpolated delay had a greater effect on choice behavior as the information load increased with successive choices. In the hormonal treatments, the FC and MNC groups showed the most accurate performance, whereas the MC and FNE groups showed the least accurate performance.
An ANOVA with treatment condition as one variable and POI as another was performed. To increase the power of the analysis, the data from the MNC and FC groups were combined, as were the data from the MC and FNE groups. Justification for these combinations comes from our previous analysis of the similarity of these groups in their overall choice performance reported in Experiments 1 and 2. Comparison of the combined groups indicated a significant effect of both treatment and POI, F(1, 22) = 7.21, p < .02, and F(4, 88) = 8.64, p < .001, respectively. There was no significant interaction between treatment and POI, F(4, 88) < 1, r/s.
In contrast to the 12-arm radial maze POI effects reported by Cook et al. (1985) , there was no observation of an inverted U-shaped function relating POI and the disruptive effect of the delay on performance. Cook et al. found that, for normal male rats, a 15-min delay had the greatest effect when it was interpolated in the middle of the choice sequence and had less of an effect when interpolated either earlier or later. This pattern of behavior was interpreted as supporting a dualcode hypothesis in which the positive slope of the POI function during early delay conditions indicates the use of retrospective memory coding of visited arms and the negative slope of the POI function during late delay conditions indicates the use of prospective coding of sites to be visited. According to this dual-code hypothesis, the fact that a delay has less of an effect early in the choice sequence than it does in the intermediate POI condition is due to representations of a greater number of previously visited arms being maintained during the intermediate POI condition than in the earlier POI conditions. When the delay occurs later in the choice sequence, however, choices are guided by represen-tations of the arms that remain to be visited rather than the previously visited arms. This results in the delay having less of an effect. It is unclear why an inverted U-shaped POI function was not observed in the present experiment. A major difference between our procedure and the one used by Cook et al. is that in the present study both working memory and reference memory task components were used. In the Cook et al. experiment, all 12 arms were consistently baited, and thus only a test of working memory was in effect. Perhaps different coding strategies are used by rats when both S+ and S-arms are contained in the task. Cook et al. indicated that there may be other conditions under which rats do not use a dual-code process, including conditions in which no delay is interpolated. Finally, because of the differential baiting paradigm used in the present experiment, the implementation of our POI delay procedure was not a complete replication of the Cook et al. study in the POI values used (i.e., the present experiment did not include a POI value of 10).
Perhaps the most interesting observation from Experiment 3 is the finding that the interpolated delay test was able to separate the treatment groups according to early hormonal manipulations even after the different groups had reached similar levels of steady-state maze performance during the retraining phase. This separation reflected each group's early exposure to steroid hormones. Rats that had been exposed neonatally to no or low levels of steroid hormones (femaletype brains) were observed to perform consistently better than males that had been exposed neonatally to gonadal secretions and females that had been treated neonatally with EB (male-type brains). The differential effects of the interpolated delay interval on the response accuracy of male-type brains and female-type brains in the present experiment might be a function of the fact that presentation of the delay interval elicits behavior that interrupts a previously well-established response strategy. This proposal is supported by the observation that subjects exposed neonatally to gonadal hormones were disrupted in maze performance even during the nodelay control conditions that were randomly interspersed between delay trials. Although direct experimental evidence is not available, results of other experiments suggest that males are more likely than females to develop behavioral chains or rigid strategies, as evidenced, for instance, by the fact that males are slower than females to acquire discrimination reversal (Millar, 1975) . Perhaps well-established behavioral strategies that rely on selective attention to a particular stimulus dimension are more susceptible to disruption by unexpected experimental events than behavior that is less stringently organized or dependent on a particular stimulus dimension. It is also possible that the POI delay procedure disrupted the use of geometric information (axis or compass settings) because animals were returned to the maze after the interpolated delay from a point in the room that was exactly opposite to the point at which they were initially placed on the maze. Male rats might be expected to be more affected by this manipulation because they require a means to "polarize" the room in order to align their cognitive spatial map with the physical world (e.g., Cheng & Gallistel, 1984) . Other experiments will have to be designed to explicitly investigate these proposals.
The fact that there were no significant interactions between treatment conditions and POI effects indicates that all groups of animals were equally affected by the 15-min delay as a function of the POI relative to each group's control condition. This finding suggests that spatial information stored in working memory decays at roughly equal rates as a function of memory load for all groups of rats. Further work should investigate whether the effects of varying the delay duration given a fixed POI would be similar to the effects of varying the POI given a fixed delay duration for animals given the same experimental treatments used in this experiment.
General Discussion
The present study suggests that the current model of sexual differentiation of brain and behavior that has been derived from studies of the development of sex differences in reproductive behavior can be usefully applied to the study of sex differences in spatial ability of rats. The data presented in this article offer a clear demonstration that early exposure to gonadal steroids alters the performance of rats trained on a radial-arm maze task. The number of errors rats make in the acquisition phase of training, the type or combination of extramaze cues that are used to navigate the maze, and whether or not changes in the test procedure disrupt steady-state performance are all determined more by early hormone treatment than by genetic sex. These data provide some new insights into the developmental cause of sex differences in spatial ability and highlight some of the behavioral processes underlying the differences.
In support of previous work (Dawson et al., 1975; Joseph et al., 1978; Stewart et al., 1975) , the present study demonstrates that neonatal castration of male rats causes them to behave more like normal females when tested on a spatial task (e.g., they make more errors than control males). In addition, we demonstrated for the first time that exposing newborn female rats to EB for the first 9 days postnatally causes their adult performance on the maze to be malelike (e.g., they make significantly fewer errors than control females). These data suggest that early gonadal secretions cause long-lasting organizational effects on spatial ability. However, these effects may be at least partially dependent on the aromatization of testosterone to estrogen.
These preliminary results do not rule out alternate views. First, these data do not address the issue of whether there is a time-limited period for hormonal action. The EB treatment to our female subjects lasted only for the first 9 days of life, but because it was administered subcutaneously, in oil, it may have been available for many days after treatment ended. It is also possible that treatment with EB after the first couple of weeks of life may be effective in masculinizing adult radial maze performance. In addition, it appears that spatial ability is a behavioral trait that requires only organizational actions of steroids for its expression by the individual. All of our subjects were gonadectomized at puberty, and no activational effects of androgens or estrogens were examined. Joseph et al. (1978) also reported that ovariectomy and castration of adult rats did not alter sex differences in performance on a spatial task. Other examples of this type of hor-monally organized behavior include juvenile play (Beatty, 1984) , the mounting behavior of female rhesus monkeys (see discussion in Goy & McEwen, 1980) , and the micturitional patterns of dogs (Beach, 1974; Martins & Valle, 1948) . The fact that these sexually dimorphic patterns of behavior can be seen without adult hormonal activation does not rule out the possibility that activational actions of gonadal steroids may also alter their expression; it only demonstrates that activational actions are not required, as they are for the expression of female receptive behavior, for example (Pfaff, 1980) . Second, proof that aromatization actually plays a significant role in the sexual differentiation of spatial ability requires that the effect of exogenous testosterone in females and of endogenous testosterone in males be prevented by agents that either block aromatization or prevent access of estrogen to intracellular receptor sites. The current data showing that EB given for only the first 9 postnatal days is effective in masculinizing the performance of females in a radial maze task is suggestive, but because EB was administered systemically, in a high dose, it is possible that the effect is pharmacological rather that physiological.
Third, these data provide no direct information about the site of action of these hormones. However, because working and reference memory are thought to be mediated by the hippocampus and frontal cortex, respectively (Kesner et al., 1987; Meck et al., 1987 Meck et al., , 1989 Olton et al., 1988) , one would predict that the effects of the hormonal manipulations either directly or indirectly altered the function of these structures. In support of this hypothesis, we know that the telencephalon of the rat contains a high concentration of estrogen receptors during early postnatal life and that these receptors start to disappear after 14 days and are not present in the adult rat (MacLusky, Lieberburg, & McEwen, 1979; O'Keefe & Handa, 1989) . Moreover, recent evidence indicates that estrogenmediated developmental effects of aromatizable androgens may not be restricted to the hypothalamus, preoptic area, and amygdala, but may also include the hippocampus and cingulate cortex (MacLusky et al., 1986; MacLusky & ToranAllerand, 1989) . These data are consistent with the view that spatial ability may be organized through exposure to estrogens but activational effects of steroids in adulthood are not required for the expression of spatial ability. Thus, our data suggest the possibility that sex differences in cognitive functions, at least in rats, may have their origins in effects due to these transient estrogen receptors. Further work involving direct implantation of crystalline estrogen to these telencephalic receptor sites should reveal more about the site of action of estrogen in the differentiation of spatial memory.
Numerous reviews of the literature on sex differences in cognitive function in animals have expressed the possibility that females may be worse at tasks that require spatial skills because they are more active and explore more than males. These behaviors translate directly into errors in the maze. We anticipated and minimized this possible discrepancy by (a) using a variation of the radial-arm maze task, which is thought to be relatively insensitive to activity differences (Beatty, 1984) , and (b) directly examining the behavioral processes that may underlie the observed differences in performance and subsequently finding no differences in turning biases, choice latencies, or in the use of intra-or extramaze cues. Moreover, our demonstration that all rats, regardless of treatment group, reach the same level of asymptotic performance on the maze suggests that sexual differentiation in spatial memory does not reflect differences in the ability to maintain high levels of spatial processing.
Early exposure to gonadal steroids may lead to neuronal growth and reorganization such that when multiple types of extramaze cues are presented in compound, the euclidean relations between the food caches and the overall shape of the environment overshadow all other sensory inputs and prevent them from becoming associated with the food caches. This means that, although nongeometric information found on surfaces (e.g., brightness level, texture, and smell) may be encoded, its use seems to be subordinate to the use of the shape of the environment. Note that although features of landmarks stand in geometric relation to each other, geometric information, mentioned here without qualification, refers strictly to the shape of the environment and the geometric relations of a food cache to that shape. Thus, rats exposed neonatally to gonadal steroids (normal males and EB-treated females) selectively attend to geometric cues when they are presented in compound with other types of cues; landmarks are overshadowed by a coordinate system obtained from the geometry of the room. When extramaze cues are presented in compound, the performance of these rats is disrupted only if the geometry of the room is altered. In contrast, rats exposed neonatally to no or very low levels of gonadal steroids (normal females and castrated males) appear to process and use both landmark and geometry cues when they are presented in compound, although they are able to use these cues independently in order to solve the maze. When extramaze cues are presented in compound, the performance of these rats is disrupted only if both cues are altered, either independently or in conjunction with each other (i.e., the condition in which geometry is itself unaltered, but landmarks are randomized thereby distorting the relation between landmarks and room geometry). Although Experiment 2 took place after rats had reached asymptotic performance, these data suggest that one reason for the poorer acquisition performance of the rats not exposed neonatally to gonadal steroids may have been that they were learning to use two cues (landmarks and geometry) rather than the single cue (geometry) that rats exposed neonatally to gonadal steroids were using (see Williams & Meck, in press , for additional discussion of this hypothesis). If this had been true, all rats should have performed equally well if the test situation provided only one set of cues (either landmarks or geometry). This possibility is currently being examined.
A Proximate and Ultimate Explanation
Ever since Hubel and Weisel first published their findings (for a review, see Hubel & Weisel, 1979) that in the visual cortex there is a hierarchy of neurons that have increasingly complex response properties, we have accepted the possibility that similar systems might exist in other areas of the brain. With this as a reference, one might suspect that, within the hippocampus, the area where the spatial map is formed, there are at least two types of cells sensitive to different stimuli: G cells sensitive to geometry, and L cells sensitive to landmarks (see O'Keefe & Nadel, 1978 , for a review of this and other possible distinctions). At birth both males and females have G and L cells. If the hippocampus is exposed to estrogen, G cells grow and make more synaptic connections. Without estrogen, G and L cells make equal connections. This idea explains, at least in a theoretical sense, how in males the geometry of the environment overshadows the landmarks within the environment. It also provides us with the idea that males have the potential to use landmarks but that their use is overpowered by the more developed sense of geometry when the two types of cues are presented in compound. This theoretical framework may also be able to shed some light on why cells in the hippocampal dentate gyrus of females are much more responsive to environmental enrichment (addition of salient landmarks, i.e., toys) than are cells found in similar brain areas of males (Juraska, 1984) .
Another way sex differences in cognitive functions have been examined, other than through proximate cause, has been from an evolutionary standpoint. Gaulin and Hoffman (1986) argued that in those species that are polygynous, males and females would differ in their spatial abilities, and that in monogynous species no sex difference would exist. This hypothesis is based on the knowledge that in polygynous species males have larger home ranges or territories than do females and that in monogamous species pairs of males and females have similar ranges. In a laboratory study involving two different species of voles, Gaulin and Fitzgerald (1986) found evidence to support this evolutionary hypothesis. In meadow voles (Microtus pennsylvanicus), a polygynous species, males were reported to rank significantly higher than females in their spatial ability. In contrast, in pine voles (M. pinetorum), a monogynous species, there were no significant differences found between males and females. Perhaps preferential use of geometry cues is advantageous in acquiring, defending, or using a large territory in which foliage and other landmarks change seasonally. Thus in polygynous species (e.g., meadow voles, rats, and humans) this predisposition has evolved. The comparison of rats with male-type brain organization to rats with female-type brain organization in the present study suggests not only an expansion of a biological explanation for sex differences in reproductive behavior to sex differences in spatial abilities and possibly other cognitive functions but also introduces behavioral explanations for these differences.
